Abstract The M w 7.9 Denali fault earthquake ruptured segments of the Susitna Glacier, Denali, and Totschunda faults in central Alaska, providing a unique opportunity to look for intermediate-term (weeks to months) responses of active volcanoes to shaking from a large earthquake. The Alaska Volcano Observatory (AVO) monitors 24 volcanoes with seismograph networks. We examined one station per volcano. Digitally-filtered data for the period four weeks before to four weeks after the mainshock were plotted at a standard scale. Mt. Wrangell, the closest volcano to the epicenter (247 km), had a background rate of 16 events/day. For the following 30 days, however, its seismicity rate dropped by 50%. Mt. Veniaminof (1400 km from the epicenter) had a rate of 8 seismic events/day, but suffered a drop in seismicity by 80% after the maishock; this may have lasted for 15 days. The seismicity at both volcanoes is dominated by long-period seismic events. With the exception of Martin and Novarupta volcanoes, the other 20 volcanoes showed no changes in seismicity attributable to the Denali fault earthquake. We conclude that the changes in seismicity observed are real, and are related to the Denali fault earthquake. These seismicity drops are in strong contrast to cases of short-term triggered seismicity increases observed at other volcanic systems such as Martin-Novarupta, Mt. Rainier, Yellowstone, Mammoth Mountain, and The Geysers, Coso and Cerro Prieto (Mexico) geothermal fields. This suggests that fundamentally different mechanisms may be acting to modify seismicity at volcanoes.
Introduction
Earthquake-volcano interactions have been suggested because of reports of eruptions and increases in volcanic seismicity following large regional earthquakes (Linde and Sacks, 1998; . In terms of triggering of seismicity in both volcanic and nonvolcanic areas after distant earthquakes, the M w 7.3 Landers and the M w 7.1 Hector Mine, California, earthquakes settled the question when distinct increases in earthquake rates were reported at locations as far as 1200 km from the epicenter of the Landers earthquake (Hill et al., 1993) , and roughly 800 km in the case of the Hector Mine shock (Gomberg et al., 2001) . On 3 November 2002 the M w 7.9 Denali fault earthquake (DFE) ruptured along the Susitna Glacier, Denali, and Totshunda faults in Alaska and again, reports of triggered seismicity, this time at distances of at least 3800 km from the mainshock, were documented (Eberhart-Phillips et al., 2003; Hill et al., 2003; Hough et al., 2003; Pankow et al., 2003; Husen and Wiemer, 2005; Moran et al., 2005) . Thus, at present there is no question that tectonic earthquakes do affect the activity at some volcanoes, and so far, the reported observations have been of short-lived triggering of earthquakes that start during or immediately following the passage of seismic waves.
In broad terms, however, it is of interest to document both decreases and increases to provide constraints on source processes. In this paper we document intermediate-term (weeks to months) decreases in seismicity at Mt. Wrangell (MW) and Mt. Veniaminof (MV) following the DFE sequence (Fig. 1a) . We make detailed comparisons of the rates of seismicity from four weeks before to four weeks after the DFE and perform statistical tests for the significance of the changes. The seismicity rates are estimated by counting the numbers of local earthquakes on filtered and unfiltered seismograms from stations located close to the vents of the volcanoes. The catalog of located earthquakes for MW was also analyzed over a longer time scale. We then discuss the seismicity declines in terms of possible mechanisms, while recognizing that the study of these volcanoes is preliminary. Gray symbols correspond to pre-DFE seismicity, white symbols represent post-DFE seismicity. Symbols are coded according to the type and depth of seismic event: LP seismic events: Hexagons (Ͻ0 km), squares (0-10 km), inverted triangles (Ͼ10 km); VT earthquakes: Circles (Ͻ0 km), diamonds (0-10 km), and stars (Ͼ10 km). Symbol size is proportional to magnitude. Inset shows composite fault plane solution of VT earthquakes. Lower hemisphere projection. Hollow and filled circles represent dilatations and compressions, respectively. P and T mark the P-and T-axes. 
Data and Methods
The Alaska Volcano Observatory (AVO) monitors 24 volcanoes with seismograph networks and satellite imagery. Following the shaking from the DFE, a detailed scan of filtered continuous seismic data was done for several stations at each of the 24 volcanoes to look for evidence of triggered local earthquakes. During the several hours that followed, the only clear evidence for triggering was found at Katmai National Park (Moran et al., 2005) . Shishaldin volcano (distance ϳ1460 km from DFE), which has had sustained longperiod seismic activity since the fall of 1999 (Petersen et al., 2002) showed no change within the first week of the DFE and then it experienced an increase in seismicity that we consider to be unrelated to the DFE . Special attention was placed on MW because of its proximity to the DFE epicenter, but there were no confirmed changes during the first three days because of saturation by aftershocks. During the following days, however, a decline in the number of locatable events was observed that could not be attributed to telemetry problems, because the stations operated normally following the DFE . A similar decrease was noted at MV, which was undergoing an intense long-period earthquake swarm that lasted until March 2003. The observation that two volcanoes with ongoing high seismicity rates experienced an unexpected response to the DFE prompted this paper.
MW and MV ( Fig. 1) , are located in different tectonic settings characterized by intracontinental right-lateral strikeslip that accommodates part of the oblique collision of the Yakutat block into southern Alaska (Plafker et al., 1994) (MW) and underthrusting due to the subduction of the Pacific plate beneath the North American plate (MV).
Seismicity at MW has been monitored since July 2000, when two seismograph stations were installed, and locations of earthquakes began in August 2001 with the installation of two additional stations (Fig. 1 ). This network is equipped with three L-4 Mark Products vertical-component seismometers having a 1 sec natural period, and one L-22 Mark Products three-component seismometer having a 0.5 sec natural period. The seismograph network at MV was deployed in the summer of 2001, but data archiving and recording began in February 2002. This network is composed of nine stations equipped with L-4 Mark Products vertical-component seismometers having a 1 sec natural period. The detection thresholds for the seismograph networks at MW and MV have been estimated to be 0.9 and 0.7, respectively (McNutt, 2002; .
The vast majority of earthquakes from MW and MV are long-period events (LP), whose occurrence is frequently associated with pressure variations inside fluid-filled conduits beneath the volcanoes (Aki et al., 1977; Chouet et al., 1987; Koyanagi et al., 1987; Gil-Cruz and Chouet, 1997) . There have been no studies published previously analyzing the LP events at either volcano, and we infer, based solely on the waveforms and spectra, that the events are similar to LP events elsewhere. LP seismic events are characterized by emergent P waves, unclear or absent S waves, and dominant frequencies in the range 1-5 Hz. Some of these events have been located at MW (Fig. 1b) , because the high signal-tonoise ratio allows identification of first P arrivals (Fig. 2) . We acknowledge, however, that the locations of these events shown in Figures 1b and 8a are preliminary because of the limited number of seismograph stations. LP seismic events at MV have not been located ( Fig. 1) because of their emergent arrivals (Fig. 2) .
A second type of earthquake recorded at MW and MV are volcano-tectonic seismic events (VT) which typically occur in swarms and are attributed to slip on faults. VT events have clear P and S waves, a broadband spectrum usually in the range 5-15 Hz (Fig. 2) , and magnitudes typically Յ2. VT seismic events are located in a conventional manner, using P and S arrival times for several seismograph stations.
We band-pass filtered the continuous seismic data between 0.8 and 5 Hz at one station for each volcano to eliminate surf noise and oceanic microseisms below 0.8 Hz and wind noise above 5 Hz. Data were then plotted at a standard scale used for AVO routine monitoring (Fig. 3) . The plots thus generated will be referred to henceforth as pseudohelicorder plots, to distinguish them from the unfiltered analog seismograms named helicorder records.
The criteria used to count earthquakes on pseudohelicorder plots are based on the amplitude and appearance of the waveforms. A signal is included if the amplitude is at least 250 counts and the waveform indicates a local source. The time scale in the pseudohelicorder plots is very compressed (Fig. 3) ; therefore a signal is rejected if it shows extended coda or an obvious S-P time. We used the pseudohelicorder plots from stations WANC and VNNF, respectively (Fig. 1) . To be certain that our results did not depend on processing artifacts, we also inspected analog helicorder records from stations WANC (MW) and VNSS (MV) . In this case, the criteria used to count earthquakes are based on the amplitude, duration, S-P time, and appearance of the waveforms. A signal is included if the amplitude is Ն2.5 mm, the duration is Ͼ10 sec, and the S-P time is Յ3 sec. If part of a daily record was unusable because of storm noise, aftershocks of the DFE, or data outages, we estimated the day total by multiplying the counts by the factor 24/U H , where U H is the number of usable hours of record. Unusable days were assigned a value of zero. In the intermediate-term time scale of weeks to months, this does not affect our estimates of average seismicity rates. Also we note that there were some unusable days before the DFE, which also introduces low estimates, balancing the counts on both time periods. To qualify the event counts we assigned scores depending on the amount of usable data. The scores range from A ‫ס‬ good data, to D ‫ס‬ unusable data. Table 1 shows the scoring scheme.
By assuming that the counts on any day are independent from the rest, we used the z-statistic (Habermann, 1987) , a general parametric test to estimate the difference between two means. In our case the two means being compared are the averages of daily earthquake counts for the periods preceding and following the DFE. The formula for the zstatistic is
where M1, M2 are mean rates during the two periods (before and after the DFE); S1, S2 are standard deviations; and N1, N2 are numbers of days in the sample. The z-value represents the number of standard deviations from the mean of a normal distribution (i.e., z ‫ס‬ 1.64 represents 90% significance, z ‫ס‬ 1.96 represents 95% significance, and z ‫ס‬ 2.57 represents 99% significance), and the sign of the z-value indicates the polarity of the change (i.e., z Ͻ 0 indicates rates increases, z Ϸ 0 indicates no change, and z Ͼ 0 indicates rate decreases). Usually a large sample size (N i Ͼ 30) is used for the z-statistic (Crow et al., 1960) . At MW we have N i ‫ס‬ 33 for both pseudohelicorder plots and helicorder records, and N i ‫ס‬ 94 for located events. At MV we only analyze 15 days before to 15 days after the DFE. This sample size (N i ‫ס‬ 15) although small, still allowed us to identify the differences in mean rates above random noise.
To detect significant changes in seismicity rates we also plot the cumulative sum of earthquakes versus time and find the z-values resulting from all possible divisions of the data in two halves. In this case the two samples under testing are only equal in size at the date of the DFE. The statistical tests were applied to the counts in the order they were obtained and also to multiple data sets obtained by random permutations of the observations.
Results
Visual inspection of pseudohelicorder plots from before to after the DFE provides a hint about the decreases in seismicity rates at the two volcanoes. Figure 3 shows 6-hour sections of typical pseudohelicorder plots before and after the DFE for stations WANC, located on MW, and VNNF, located on MV; the differences in rates are quite obvious.
Plots of daily numbers of earthquakes versus time recorded at stations WANC and VNNF are shown in Figures 4a and 4b in discrete and cumulative forms, respectively. The counts shown on these figures are based on pseudohelicorder plots and cover 66 days centered at the time of the (Fig. 4b) . The z-values curve does not peak exactly at the date of the DFE; this reflects the fact that the seismicity rate changes happened in a gradual manner. To compare these results with a random distribution of the counts, we applied the same test to 100 data sets generated by random permutation of the observations. We found the curves for the original data to be different from the random series. Data in Figure 4a suggests that the rates of seismicity at MW and MV were in decline prior to 3 November. We therefore also considered the rate decreases in this context. A letter "u" marks the days during which the record was rendered useless because of noise or aftershocks. During all other days at least 6 hours of clear recording were available, mostly 21 hours or more (see Table 1 ). The thick black curve shows the logarithmic regression applied to the data prior to the DFE. The best-fit function is y ‫ס‬ ‫7.3מ‬ Ln(x) ‫ם‬ 25, where y is the number of local earthquakes during any day and x is the time in days after 30 September 2002. The bottom panel shows the plot of residuals (data minus logarithmic fit). The values indicated for p are the probabilities of finding a positive residual before and after the DFE. Right: same as above for the pseudohelicorder counts at station VNNF on MV. The best-fit function is: y ‫ס‬ ‫9.0מ‬ Ln(x) ‫ם‬ 9.
(Continues on next page.)
We applied a logarithmic regression to the pre-DFE data in Figure 4a and found the curves that best fit the apparent decays in seismicity prior to the DFE. We observed that during the immediate two weeks following the DFE, the bestfitting curves overestimated the seismicity rates. Prior to 3 November the regression curves underestimated the data. A statistical test of the sign of the residuals from Figure 4a , based on a binomial distribution, shows that at MW the probability of finding a positive residual decreased from 0.45 to 0.30 from before to after the DFE. At MV the probability drops from 0.53 before the DFE to negligible values after the DFE. We saw that the seismicity at both volcanoes dropped to lower levels than would be expected for an intrinsic decay, and inferred that the drops in seismicity resulted from a perturbation caused by the DFE. The same procedure was applied to the counts from analog helicorder records and the results were stable.
At MW we also analyzed the catalog of located earthquakes on a longer time scale of one year. We used only located earthquakes with M L Ն 0.9 and found that the drop in seismicity lasted for at least five months following the DFE (Fig. 5) . This indicates that our results are robust and independent of the method used to estimate the seismicity rates.
Most volcanoes in Alaska showed no changes. Only two volcanoes in the Katmai area, Novarupta and Mt. Mageik, responded with short-lived bursts of small VT earthquakes during several hours following the DFE (Moran et al., 2005) . Shishaldin volcano, located roughly 1460 km from the DFE, showed no change immediately following the DFE, but its rates increased a week later. Because LP seismicity fluctuations at Shishaldin have been common over the past several years, we infer that this rate increase is unrelated to the DFE. 
Discussion

Summary of Results
We carefully inspected filtered data for all 24 volcanoes seismically monitored by AVO. At two volcanoes, MW and MV, the average earthquake rates dropped by approximately 50% and 80%, respectively, after the DFE, and we estimated the differences in means from before to after the DFE to be significant at the 99% confidence level (Figs. 3, 4 , and 5). The data are different from many randomly permuted series, in particular around the time of the DFE, and similar results were obtained when the seismicity rates were estimated from unfiltered records or from the catalog of located earthquakes. We infer that this drop in seismicity is real and is related to the DFE.
Because earthquakes at volcanoes tend to occur in swarms, the daily seismicity rates can be underestimated if a swarm is hidden by noise. This might be true for shortlived swarms, but it does not apply to the elevated background rates that characterize MW or long-lived swarms that occur at MV. The occurrence of many LP events means that the source mechanisms at both volcanoes are likely fluiddriven, although this may be true of VT earthquakes as well. Based on the timing and polarity of the seismicity changes, we infer that the DFE affected both volcanoes similarly.
Inferences on Mechanisms
We next examined the history and activity at the two volcanoes, to help determine the cause of seismicity decreases. We envisioned the plumbing systems of the two volcanoes as having open conduits with standing columns of water (MW) and magma (MV) through which gases percolate upwards causing seismic events. Under these conditions, candidates to decrease the seismicity rates include: (1) choking off the supply of gas; (2) widening the channel to change the flow conditions; (3) opening new cracks to permit gas escape; and (4) reopening pre-existing cracks.
Mount Wrangell. Phreatic eruptions at MW occurred during the early twentieth century (Miller et al., 1998) , but steaming is more common, and an increase in heat flux has been documented since 1980 (Benson and Motyka, 1978; Benson and Follet, 1986) . We infer that MW has a relatively unobstructed conduit. At some locations within the volcano, however, disturbances in the fluid flow may give rise to pressure fluctuations that lead to LP seismicity (Chouet, 1996) . At stratovolcanoes the disruption of the hydrothermal system caused by interactions between magma conduits and ground water may be a rich source of LP activity (Gil-Cruz et al., 1987) . Because of limited data and little previous research at MW or MV, the geometry and extent of their magma bodies and surrounding thermal anomalies are unknown. From the preliminary locations of LP events at MW and relative amplitudes among stations we infer that the sources of seismicity are close to the active vent (Fig. 1b) .
We speculate that most LP earthquakes at MW result from interaction between hot rocks of the conduit and the surrounding hydrothermal system. When water is heated to the boiling point, the steam created generates overpressure in cavities and triggers oscillations that result in LP events. A first possible mechanism for the drop in the rate of LP events involves dynamic interaction between the passing waves of the DFE and the volcano. Peak accelerations at MW ranged between 0.18 and 0.34 g (NEIC, 2003) , thus the shaking from the DFE may have created new cracks or opened old ones by dislodging of sulfur salts or weathering products (Brodsky et al., 2003) . This effect would allow overpressure to be released under low resistance, preventing the walls of cracks from oscillating, and hence decreasing the rate of LP events (Fig. 6a) . Such a mechanism is also consistent with reduced ice and snow volumes at the summit of MW volcano following large earthquakes. Eyewitness accounts report increased emissions of steam and ash at MW after a large earthquake shook Yakutat Bay on 3 September 1899 (Benson and Motyka, 1978) . Melting ice and snow also suggested that the volcano warmed after the M w 9.2 great Alaska earthquake in 1964 (Benson and Follet, 1986) and after the M w 7.5 St. Elias earthquake of February 1979 (C. Benson, personal comm., 2003) . Figure 6a shows a model for dynamic interactions between the passing waves of the DFE and MW.
We modeled the dilatational strains resulting from the DFE using the computer program Coulomb 2.5 (Toda et al., 1998) (Fig. 7a) . MW is located in a region of positive dilatational strains with values close to 2 ‫ן‬ 10 ‫5מ‬ . Thus, an alternative mechanism for the decrease in seismicity involves sudden volumetric expansion resulting from the DFE. Here we speculate that when the pore pressure is high enough, water approaching the conduit is warmed, triggering the formation of bubbles or steam flashes that pressurize and set cavities into oscillations, and lead to LP activity at MW. If pore pressure decreases, water withdraws from the vicinity of the conduit, decreasing the rate of LP events. Because of the location of MW in the dilatational area of the DFE, we suggest that a drop in pore pressure in the MW area occurred as a result of the DFE, lasting for weeks or longer and decreasing the rate of LP events (Fig. 6b) . Other large earthquakes that appear to have affected MW produced similar stress changes (Kanamori, 1970; Perez and Jacob, 1980) . Focal Mechanisms-Mt. Wrangell. We computed a composite fault plane solution for VT earthquakes based on 41 reliable first motion readings, and used that information to investigate local stress changes on faults. To measure the coverage of first motion readings around the focus we used the station distribution ratio (STDR) (Reasenberg and Oppenheimer, 1985) . If STDR has a low value (STDR Ͻ 0.5), then a number of stations lie near the nodal planes of the solution, and thus the P wave arrivals to these stations may be difficult to identify. The solution found at MW is consistent with thrust faulting and has STDR ‫ס‬ 0.51 (Fig. 1b) .
Coulomb Stress Changes-Mt. Wrangell. Because of recent evidence for a correlation between stress changes, caused by large earthquakes or dike intrusions, and seismicity rate changes (Stein et al., 1994; , we computed Coulomb stress changes (DCFC) from the DFE on both optimally-oriented thrust faults and strike-slip faults at a depth of 5 km (mid-depth for VT hypocenters). The results show that MW is located in a region of negative DCFC ϳ 0.02 bars (0.002 Mpa) for thrust faults (Fig. 7b) . If the stress changes are projected on strike-slip faults, MW falls in a nodal region (Fig. 7c) . We reproduced these results by modeling the changes in Coulomb stress using different values of fault slip, regional stress orientation, and target depth. These computations indicate that VT earthquakes at MW may have also been inhibited after the DFE.
Competing Processes-Mt. Wrangell. Competing processes may have occurred within MW after the DFE. We suggest that the opening of cracks acted to reduce pressure and inhibit seismicity, whereas rectified diffusion of water vapor into bubbles would act to increase pressure (Sturtevant et al., 1996; Brodsky et al., 1998) , thus triggering seismicity (Fig. 6a) . The outcome of the latter effect on the volcano should be apparent during a few days after the passage of the seismic waves from the DFE. Unfortunately, observation of seismic activity at MW in the 72 hours following the mainshock was impeded by saturation of the signal from aftershocks. We note that no eruptions at MW were detected on AVO satellite imagery. Because the seismicity at the volcano during the months that followed was lower than usual (Figs.  3, 4, 5) , we suggest that the process inhibiting seismicity dominated.
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Figure 6. (a) Sketch, not to scale, of a hypothetical scenario in which MW and its plumbing system are affected by the dynamic stresses of the passing waves from the DFE. The plumbing system is represented by a conduit with hot rocks (shaded areas), a standing column of water with bubbles in it, and cracks at shallow levels. Some pre-existing cracks are clogged by sulfur deposits (hatched areas); the cracks become unclogged because of the strong shaking, and possibly new cracks are formed. Circles represent bubbles in water. (b) Same as (a) but here the plumbing system of the volcano is affected mostly by a static stress change (decompression) after the earthquake. Ground water (dotted arrows) is in contact with the hot rocks of the conduit, under certain background pressure (large horizontal arrows). After the DFE, a sudden decompression occurs and the pressure falls below background, allowing some of the water to withdraw. After the decompression caused by the DFE, the loading gradually recovers to its original level, allowing the seismicity to return to pre-DFE rates (see also Fig. 5a ). Mt. Veniaminof. MV erupted in 1995 (Miller et al., 1998) and mild eruptions likely took place in September-October 2002 (Global Volcanism Network, 2002 . We suggest that the plumbing of MV may be represented by a semi-open system in which a standing column of magma resides in the conduit.
Because the distance between MV and the epicenter of the DFE is ϳ1400 km, the amplitudes of both dynamic and static strains are smaller than at MW. Indeed, the acceleration from the DFE in the MV area is estimated to be less than 0.002 g (NEIC, 2003) and the DCFC values are negligible (Fig. 7) . Seismograms at MV in the 24 hours following the DFE were saturated by aftershocks and noise. We suggest, however, that no eruptions were triggered by the DFE because no activity at MV was detected on satellite imagery, and there were no reports of unusual activity at the volcano. Our data indicate that the overall seismicity at the volcano dropped by 80% during the two weeks following the DFE. We infer that the short duration of this decrease reflects the lesser effect that the dynamic strains had on the volcano. The available data allow us to see the change in seismicity, but the mechanism that could create the effect remains an open question.
Focal Mechanisms-Mt. Veniaminof. For MV, individual fault-plane solutions were not analyzed because of the small number of VT earthquakes available. A composite faultplane solution was obtained from 39 first-motion readings, with STDR ‫ס‬ 0.55. The solution is consistent with a thrust fault, with some strike-slip component (Fig. 1c) .
Coulomb Stress Changes-Mt Veniaminof. Our Coulomb stress modeling places MV in a region of positive DCFC (encouraging failure) for optimally oriented thrust faults (Fig. 7b) , or negative DCFC (inhibiting failure) for optimally oriented strike-slip faults (Fig. 7c) . In both cases, however, the changes in the ambient stress field due to the static stress changes from the DFE are negligible because of the great distance to the DFE rupture.
Seismicity Changes Elsewhere
We observed decreases in seismicity at MW and MV, and little to no change in seismicity at other Alaskan volcanoes, following the DFE. This is in stark contrast to multiple reports of short-term (hours to days) increases in seismicity elsewhere in the United States, including Yellowstone (Husen and Wiemer, 2005) , Mt. Rainier (S. Malone, personal comm., 2002), The Geysers and Coso geothermal fields, Mammoth Mountain, Long Valley Caldera , and Cerro Prieto geothermal field in northwestern Mexico (R. Castro, personal comm., 2003) . This implies that after a large tectonic earthquake occurs, fundamentally different mechanisms may act to modify activity at volcanoes. After the M w 7.3 Landers and M w 7.1 Hector Mine, California, earthquakes, seismicity increases were reported at volcanic and nonvolcanic areas that were preferentially aligned along strike with the fault ruptures (Hill et al., 1993; Gomberg et al., 2001) . Similarly, after the DFE most localities that responded with an increase in seismicity rates were concentrated along the azimuth of the rupture direction (Gomberg et al., 2004; Velasco et al., 2005) , indicating that the directivity in the radiated energy during the DFE played a role in the triggering mechanisms. In contrast, MW and MV volcanoes are located approximately perpendicular to the rupture direction, where the directivity effect is smaller.
Reports of cases of eruptions being inhibited by tectonic earthquakes are equally rare. Alvarado et al. (1992) postulate that the absence of eruptive activity at Poas volcano between 1980 and 1986, the increase in fumarolic temperatures at Miravalles geothermal field, and the appearance of new fumaroles on Irazú volcano may all have been related to tectonic seismicity located Յ200 km away. All these descriptions are consistent with a reduction in internal pressure of the volcanoes, similar to our postulated effects.
Conclusions
New data and observations indicate that systematic changes in seismicity at two volcanoes in Alaska, Mt. Wrangell and Mt. Veniaminof, took place on intermediate-term time scales of weeks (MV) to months (MW) following the DFE of 3 November 2002. Decreases in seismicity, mostly LP events, by more than 50% took place at the two volcanoes and lasted for at least five months at MW and for at least two weeks at MV. We infer that these changes are related to the DFE. We conclude that key aspects of our observations of decreases in seismicity are: (1) the seismic activity at MW and MV volcanoes is dominated by LP events (hence fluiddriven processes), in contrast to the VT earthquakes (shear failure) that dominate in the cases of triggering; (2) MW and MV are located in a perpendicular direction in relation to the DFE rupture, in contrast to the preferential along-strike location in the cases of seismicity increases; and (3) the intermediate-time (weeks to months) duration of the declines in seismicity, in contrast to the short-lived (hours to days) durations of triggering elsewhere.
Our interpretation of the declines in seismicity at the volcanoes is presented in terms of decreases in pressure in postulated hydrothermal or magmatic systems. The causes of these decreases in pressure can be attributed either to dynamic interaction between the passing waves of the earthquake and the volcanoes, or to static stress changes; or to a combination of effects. The strong shaking at MW from the DFE may have created new cracks or reopened old ones by dislodging sulfur deposits from the walls of the cracks. This would allow a release of accumulated pressure and subsequently decrease the rate of LP events. A static stress change is an alternative cause for a decrease in pressure. We speculate that a drop in pore pressure took place after the earthquake, such that water withdrew from the proximity of the magma or hot rocks of the conduits, thereby slowing the rate of LP events.
Because MW has not had recent eruptions, and steaming at its summit is common and prolific, we infer that its hydrothermal plumbing system is open, and that both dynamic and static interactions have acted there. MV, which has had recent mild eruptions and a somewhat elevated level of seismic activity, may be best represented by a semi-open system, in which a standing column of magma resides with gases percolating through it. At both volcanoes, mechanisms that induce short-lived seismicity increases may have acted too, competing with our proposed mechanisms to inhibit LP event generation. However, our data suggest that because of the duration of the reduction in seismicity, the effects of the inhibiting mechanisms prevailed.
Finally, we conclude that it is important to examine all responses in volcanic activity following large earthquakes, because intermediate to long-term effects may be overlooked as a result of the increased awareness and expectations for short-term effects.
